



Mycobacterium tuberculosis is the causative agent of tuberculosis. Exported proteins 
interact with the host and contribute to the virulence of M. tuberculosis. Exported 
proteins are synthesized in the bacterial cytoplasm but are transported to the bacterial cell 
wall or are fully secreted out of the bacterium via specific export pathways. Examining 
export pathways augments our understanding of physiology and pathogenesis of 
mycobacteria. SecA1 is an ATPase, conserved across bacterial species that provides 
energy for protein export. SecA2 is a secondary but not redundant SecA ATPase in 
mycobacterial species that exports its own subset of substrates. We identified a protein, 
SatS, which we hypothesize functions in SecA2-dependent export as an export 
chaperone. Export chaperones are proteins that stabilize or keep a substrate unfolded in a 
translocation competent state. SapM is an exported protein via the SecA2 pathway that is 
dependent on SatS. We hypothesize that SatS is a chaperone due to its similarities to 
other known export chaperones and that SapM export is decreased in a ∆satS mutant. To 
examine the function of SatS we transformed secB, a known Sec export chaperone in 
Gram-negative bacteria, into a ΔsatS mutant of model organism Mycobacterium 
smegmatis to determine if it could rescue SapM secretion and support our hypothesis. 
SapM export was not rescued by expression of a single copy of secB; however, we 
predict that the overexpression of SapM in a ΔsatS mutant by secB may occur if we 
introduce a high copy number plasmid that expresses SecB. A positive outcome would 
strongly support our hypothesis and contribute to our understanding of the SecA2 export 





Mycobacterium tuberculosis is the causative agent of tuberculosis, the deadliest 
infection in the world, surpassing HIV/AIDS in 2015 in deaths per year. In 2015 there 
were 9.6 million new cases of tuberculosis, resulting in 1.5 million deaths worldwide, 0.4 
million of whom were HIV positive (WHO Global Tuberculosis Report). Infection begins 
when M. tuberculosis is inhaled into the lungs and phagocytosed by alveolar 
macrophages, where the bacteria grow and multiply inside the phagosome.  
Exported proteins, bacterial proteins that are transported across the bacterial 
cytoplasmic membrane, interact with the host and contribute to the ability of M. 
tuberculosis to grow in macrophages. The general secretion (Sec) pathway is responsible 
for the bulk of protein export in M. tuberculosis. The Sec pathway is essential because 
many of the proteins exported by the Sec pathway are required for viability of the cell. 
The Sec pathway is best studied in Escherichia coli, where it is composed of the SecA 
ATPase, the SecYEG membrane bound protein channel that allows proteins to move 
from the cytoplasm into the periplasmic space, and accessory membrane components 
(Figure 1; Natale, 2008). SecA interacts with the SecYEG complex, and hydrolyzes ATP 
to push its substrates through the channel. SecA substrates must have a signal peptide to 
direct them to SecA and must be unfolded in order to be exported through this system. 
The accessory membrane proteins include SecD, SecF, and YajC that are nonessential for 
Sec export (Natale, 2008). This system is conserved in Mycobacterial species. 
 
In addition to the essential SecA, all mycobacteria and some Gram positive 
bacteria have a second non-redundant SecA ATPase. The canonical, aforementioned 
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SecA is called SecA1 and the second copy is called SecA2 (Figure 1). SecA2 is also 
involved in protein export, but exports a different, smaller subset of proteins than SecA1. 
SecA2 protein export is not required for M. tuberculosis survival in vitro, but is required 
for virulence within mice and macrophages, which suggests that, at least some of the 
SecA2 exported proteins are essential for virulence (Kurtz, et al, 2006). One protein 
secreted by the SecA2 export system in M. tuberculosis is SapM (Zulauf and Braunstein, 
unpublished). SapM is an acid phosphatase required for virulence in M. tuberculosis and 
is fully secreted by the cell into the extracellular environment (supernatant). It is unclear 
what differentiates SecA1 export from SecA2 export, but both SecAs are suggested to use 
the SecYEG protein channel to export their substrates (Ligon, et al. 2013). We 
hypothesize that that there are unidentified proteins that interact with SecA2 and its 
specific exported substrates in order to facilitate SecA2 protein export through the 
canonical SecYEG pathway.  
 
Figure 1: The canonical and accessory Sec Pathways in Mycobacteria. The left panel 
displays the interaction between SecA1 and SecYEG to export its subset of proteins. The 
right panel displays the proposed mechanism of SecA2 exporting its separate subset of 
proteins into the extracytoplasmic space via the same export channel. (Figure adapted 




The nonpathogenic model organism Mycobacterium smegmatis is a good 
organism to use to study the SecA2 mechanism in mycobacteria. To identify the proteins 
that SecA2 works with to export its substrates, we performed a suppressor screen in M. 
smegmatis using a dominant negative mutant of SecA2 (SecA2KR) that cannot hydrolyze 
ATP, but does not prevent interaction between SecA2KR and the SecYEG complex. A 
suppressor screen is a genetic screen for identifying secondary mutations that compensate 
for phenotypes of a starting mutation, in this case the dominant negative effects of the 
defective secA2KR gene. Suppressors are useful for identifying proteins involved in a 
pathway or that normally interact within the bacterial cell. One phenotype of SecA2KR is 
poor growth on rich media, so any colonies that were able to grow on rich media were 
suppressors (Ligon, et al. 2013). The Braunstein lab sent six of these strains for whole 
genome sequencing to determine where the secondary mutation had occurred. All six 
strains had unique or different mutations resulting in a loss-of-function in the same gene, 
msmeg1684, which we have renamed satS for secA2 (two) suppressor. All six 
suppressors had mutations in satS, which suggests that SatS is required for SecA2KR to 
exert its dominant negative effects. Consequently, we postulated that SatS was important 
for SecA2 export. A mutant lacking SatS was constructed, and export of SecA2 
dependent substrates was measured (Miller, unpublished).  In the absence of SatS, SapM 
export was significantly reduced (Miller, unpublished). This drop in export suggested that 
SapM required both SatS and SecA2 to be exported in M. tuberculosis. However, we 
currently do not know the function of SatS. 
To determine the function of SatS, we first looked for conceptual similarities 
between SatS and known components of export machinery in other bacteria. SecB is an 
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important component of the Sec export pathway in Gram-negative bacteria. In E. coli, 
SecB is an export chaperone that helps proteins exported by the Sec pathway stay 
unfolded prior to export by using its positively charged domains to interact with SecA 
and its substrates (Randall, 2004). There is a SecB-like protein in M. tuberculosis, but it 
does not appear to be important for Sec export, and thus far no Sec-specific export 
chaperones have been identified in mycobacteria (Sala, 2014). SecB is highly acidic and 
is found in the cytoplasm of bacteria. Interestingly, SatS is also highly acidic and SatS 
has previously been localized to the cytoplasm of M. tuberculosis and M. smegmatis 
(Miller, Braunstein, unpublished). Based on these conceptual similarities, we hypothesize 
that SatS may function as a cytoplasmic chaperone for SecA2 substrates. 
The goal of this project is to elucidate the function of SatS by attempting to rescue 
a ΔsatS mutant of M. smegmatis with a copy of secB from E. coli. Without SatS, SecA2 
cannot export SapM into the supernatant, but if expressing SecB can restore any export of 
SapM, it would suggest that SatS functions similarly to SecB, as an export chaperone. 
Methods 
Growth Conditions 
E. coli DH5ɑ was used for all DNA cloning and grown at 37°C in Luria-Bertani (LB) 
medium (Fisher) with 150 μg/ml hygromycin or 40 µg/ml kanamycin. M. smegmatis 
strains (Table 2) were grown at 37°C in Mueller Hinton medium (BD diagnostic systems) 
or 7H9 medium (BD diagnostic systems) with 0.2% glucose, 0.5% glycerol, 0.05% 
Tween 80 and 20 μg/mL kanamycin and/or 50 μg/mL hygromycin when necessary. 




Table 1: M. smegmatis strains used in the analysis of SatS function 
SecB Expressing Plasmid Constructions 
Single Copy Integrating secB Plasmid 
pMF194 (Meghan Feltcher, unpublished) is a previously made plasmid containing the 
secB from E.coli on a mycobacterial shuttle plasmid that carries a hygromycin resistance 
gene. In order to use pMF194, stocks of E. coli containing the plasmid of interest were 
cultured and the plasmids were purified using a commercially available mini prep kit 
Strain 
Name 
Genotype Phenotype Antibiotic 
Resistance 
Source 




BM10 ΔsatS ΔsatS none Brittany Miller, 
Braunstein Lab 
SEJ1 ΔsatS + 
pMV206.h + 
pJTS130 
ΔsatS  + sapM Hygromycin, 
Kanamycin 
Generated in this 
study 
SEJ2 ΔsatS + pBM4 + 
pJTS130 
ΔsatS  + single copy 





SEJ3 ΔsatS + pMF179 
+ pJTS130 
ΔsatS  + single copy 
secB + sapM 
Hygromycin, 
Kanamycin 
Generated in this 
study 
SEJ4 ΔsatS + pBM33 
+ single copy 
sapM 
ΔsatS  + multi copy 





SEJ5 ΔsatS + 
pSEJ107+single 
copy sapM 
ΔsatS + multi copy 
secB + sapM 
Hygromycin, 
Kanamycin 
Generated in this 
study 




Generated in this 
study 
SEJ7 WT + pMV206.h 
+ single copy 
sapM 
WT + SapM Hygromycin, 
Kanamycin 
Generated in this 
study 
SEJ8 ∆satS + 
pMV206.h + 
single copy sapM 
∆satS +sapM Hygromycin, 
Kanamycin 
Generated in this 
study 
SEJ9 WT + pMV261.k WT Kanamycin Generated in this 
study 
SEJ10 WT + pMF184 WT + single copy 
secB 




(Thermo Scientific). pMF194 is a multi copy plasmid in E. coli in order to obtain high 
numbers of episomal plasmids but, because pMF194 integrates into the M. smegmatis 
chromosome at a mycobacteriophage insertion site referred to as attB, it is present in 
single copy when in mycobacteria. In order to test whether SecB could rescue the loss of 
SatS for SecA2-dependent export in M. smegmatis, pMF194 was transformed into Wild 
Type (WT) electrically competent cells to test for lethality, and into ΔsatS to test for 
substrate export recovery by electroporation.   
Multi Copy Episomal secB plasmid 
A multi copy vector was also used to construct a multi copy, HA-tagged secB plasmid. 
The restriction enzymes KpnI, NcoI, and SmaI were used to cut the gene of interest, 
secB, and its promoter out of pMF179. KpnI and EcoRV were also used to cut 
pMV206.hyg, a mycobacterial multi copy plasmid vector with a hygromycin resistance 
marker. These linear pieces of DNA were ligated to form pSEJ107. A confirmation digest 
was performed to ensure that secB in the plasmid was correct.  
PSEJ107 was transformed first into E. coli and purified by a commercially 
available mini prep kit before transforming it into M. smegmatis. pSEJ107 was 
transformed into ΔsatS. Table 2: List of plasmids used in the evaluation of secretion 
rescue. 
Transformation of secB and sapM into Electrocompetent Strains 
M. smegmatis is made electrocompetent by growing cultures in LB broth and 
resuspending in 10% glycerol. To transform, 1.5 μL of purified plasmid was added to 
400μL of competent cells and were electroporated at 1000 Volts to force them to uptake 
the plasmid. These cells were allowed to recover for 3 hours before being plated on 7H10 
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agar with 0.2% glucose, 0.5% glycerol, 0.05% tween80 and hygromycin to select only for 
colonies that had taken up the plasmid. 
For all of the plasmids conferring SecB in Table 2, we confirmed that they were 
correct by using restriction digests. To analyze differences in export between normal Sap 
export in WT, a ∆satS mutant, and test for recovery of export in a strain with SecB, 
multiple strains were constructed. Because M. smegmatis does not have its own copy of 
SapM, a multi copy plasmid marked with Kanamycin resistance and containing sapM 
from M. tuberculosis was transformed into each strain. Normal SapM export was 
modeled in WT M. smegmatis with an empty vector to carry hygromycin resistance 
(Table 1, SEJ6 and SEJ7). Depleted SapM export was modeled in a ΔsatS mutant with an 
empty vector as a negative control (Table 1, SEJ1 and SEJ8). To test for export recovery 
of SapM, a ΔsatS mutant was transformed with pMF179 or pSEJ to confer SecB in a 
single or multi copy plasmid respectively (Table 1, SEJ3 and SEJ5). Normal SapM 
export was measured in ΔsatS complemented with satS as a positive control (Table 1, 
SEJ2 and SEJ4). Empty vectors were used to maintain antibiotic resistance, so all strains 
could be grown in identical media. 
Table 2. Plasmids used in the analysis of SatS function 








pMF194 secB  none single Hygromycin 
pBM4 satS none single Hygromycin 
pBM33 satS HA multi Hygromycin 
pSEJ107 secB none multi Hygromycin 
pJTS130 sapM none multi Kanamycin 
single copy sapM sapM none single Kanamycin 
pMF179 secB HA multi Kanamycin 
9 
 
pMF184 secB HA single Hygromycin 
 
pMV206.h Empty vector 
(EV) 
none single Hygromycin 
 
Expression and Localization Analysis 
Supernatant preparation 
Since SapM is fully secreted from mycobacteria, the supernatant was separated from the 
cells by centrifugation. Cultures of the strains described above expressing SapM were 
grown in 200 mL Mueller Hinton (MH) medium with kanamycin and hygromycin, but 
without tween to prevent it concentrating with the protein in later steps. The supernatant 
was separated from the whole cells by centrifugation for 1 hour at 3000 rpm and filtered 
through a 0.22 μm filter to remove any large particles or whole cells. This filtrate was 
concentrated by running it through a membrane impenetrable to proteins larger than 10 
kDa using compressed nitrogen at 4 °C in order to decrease the supernatant volume from 
200 mL to 10 mL while preserving protein stability. The supernatant was concentrated to 
allow visualization of the low levels of proteins secreted by M. smegmatis. From these 10 
mL concentrated supernatants, 1 mL aliquots were removed from each and 111 μL TCA 
(trichloroacetic acid) was added to the aliquots which incubated at 4 °C overnight. TCA 
causes proteins to precipitate out of solution. The precipitated proteins were pelleted by 
spinning at 13,000 rpm for 10 minutes. The TCA was removed and the pellet was washed 
twice with acetone to remove all TCA from the protein before resuspending in 1x SDS 
(sodium dodecyl sulfate) with bromophenol blue and BME (B-mercaptoethanol) as a 
reducing agent. 
Whole cell lysate preparation 
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The whole cell lysates were also examined for evidence of SecB and SapM. All strains 
expressed SapM and an additional plasmid: either an empty vector to maintain antibiotic 
resistance, satS, or secB to compare SapM export concentrations. Strains were grown in 
50 mL of MH with Tween 80, kanamycin and hygromycin to an OD (optical density) of 
approximately 0.8 to ensure that the cultures were all in log phase of growth. The cultures 
were centrifuged, the supernatant discarded, and the pellets were resuspended in 
extraction buffer with protease inhibitors. The cells were lysed in a MagnaLyser using 
silicone beads. These lysates were centrifuged and the supernatant was added to 6x SDS 
loading buffer with bromophenol blue and BME.  
Since pMF194 did not have an HA tag, pMF184, a plasmid containing a single copy of 
SecB with an HA tag, was transformed into WT M. smegmatis to ensure SecB could be 
expressed (SEJ9). It was grown to 50 mL cultures in MH medium with kanamycin and 
the aforementioned procedure was performed to separate the whole cell lysate. The lysate 
was resuspended in 1x SDS with bromophenol blue and BME.  
 
Western Blots 
To determine protein concentration, a BCA (bicinchoninic acid) assay was performed on 
both the whole cell lysate and the supernatant before the addition of loading buffer. This 
test uses a color changing reagent to measure protein concentration, which can be 
quantified by measuring absorbance. We then normalized the total protein concentrations 
for all samples. We performed a western blot to measure and compare SapM 
concentration between the various strains tested. The concentrated supernatants and 
whole cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membrane, 
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blocked in TBS with tween and  5% milk to reduce background.For the concentrated 
supernatants, we used 1:10 dilutions due to the high SapM signal. ɑ-SapM antibodies 
(rabbit) from the Deretic Lab were used to bind to SapM (1:5k), commercially available 
ɑ-HA antibodies (mouse) were used to bind to SecB (1:10k), and commercially available 
ɑ-His (mouse) antibodies were used to bind to GroEL2 (1:10k), a cytoplasmic folding 
chaperone in M. smegmatis used as a loading control. GroEL2 has a naturally occurring 
string of histidines at its C-terminus that are recognized by α-His. Secondary antibodies 
(goat ɑ-mouse and goat ɑ-rabbit) covalently bound to an alkaline phosphatase were used 
to tag the bound proteins. ECF substrate was added to the blot, and the alkaline 




Figure 2: Western blot of whole cell lysate and supernatant of M. smegmatis expressing 
and exporting SecB via pMF179. Panel A shows intracellular expression of SapM and 
Panel B shows extracellular localization of SapM. Panels A and B were probed with ɑ-
SapM. Panel C shows intracellular expression of GroEL as a loading control. Panel D 
shows extracellular localization of GroEL as a lysis control. Panels C and D were probed 
with ɑ-His.  Panel E shows expression of single copy SecB (pMF 184) probed with ɑ-
HA.  
 
SapM expression and localization was measured using a Western blot. 
Intracellular and secreted SapM levels decreased without SatS (Figure 2, panel CD, lane 
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3); however, addition of SecB via pMF179 to a ΔsatS mutant did not significantly 
recover SapM levels in either the WCL or in the supernatant (Figure 2, panel CD, lane 4). 
SecB expression was confirmed in wild type M smegmatis (Figure 2, panel E, lane 2; 
SEJ10) to ensure that it was not lethal to the cell and to ensure that any change to SapM 
production was a result of SecB addition.  SecB (17 kDa) is much smaller than SatS 
(63kDa), as seen in Figure 3. SecB does run at the expected size.  
 
Figure 3: Multi copy SecB and SatS expression. Western blot shows SatS (via pBM33) 
and SecB (via pSEJ107) expression in ΔsatS to confirm expression in M. smegmatis. 
SecB and SatS were probed with ɑ-HA.  
 
Due to negative results that did not show any recovery of SapM secretion, plasmid 
pSEJ107 was constructed using a multi copy plasmid to insert more copies of secB into 
each cell. SecB and SatS expression were compared in the whole cell lysate (Figure 3) 
and SecB expressed at lower levels than SatS. SapM levels were measured in strains 
SEJ4, SEJ5, SEJ7, and SEJ8, but SapM was not present in WT or experimental strains, 
which would indicate an issue with the SapM plasmid. 
Discussion 
SatS is hypothesized to be an export chaperone, and SecB is a known export chaperone 
that works in the general secretion system of E. coli. If SecB could recover SapM 
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secretion in M. smegmatis in a strain lacking satS by acting as a protein export chaperone, 
then the hypothesis that SatS is a chaperone would be supported. Export chaperones are 
often required in the general secretion system to keep proteins unfolded to export via 
SecYEG and stabilized. 
A plasmid conferring secB was transformed into M. smegmatis, and SapM export 
was compared between WT, ΔsatS and ∆satS with secB to measure recovery of SapM 
concentrations in the whole cell lysate and the supernatant. SapM export decreased as a 
result of deleting satS (Figure 2, panel D, lane 3). This supports lab data generated 
previously with the hypothesis that SatS is necessary for SapM export through SecA2, 
but there were also decreased concentrations of SapM in the whole cell lysate (Figure 2, 
panel C, lane 3), which implies that SapM may be less stable in cells lacking SatS or is 
targeted for degradation, which would support that SatS is a chaperone. Degradation of 
SapM without SatS is consistent with SatS being a chaperone because chaperones 
stabilize and protect substrates from degradation. 
The E. coli SecB can be expressed in M. smegmatis (Figure 2, panel E, lane 2 and 
Figure 3, lane 4); however, in the experiments using single copy secB, a different strain 
(WT) and different plasmid (pMF184) was used to determine expression of SecB. This 
was done because there was not an HA tag in pMF194 which prevented our visualizing 
SecB expression by Western blot due to the lack of a specific antibody for SecB. In multi 
copy secB experiments, a plasmid expressing HA-tagged SecB (pSEJ107) was 
constructed to prevent uncertainty of expression. Without the HA tag, it is more difficult 
to know if the strains tested were expressing SecB.  However, by using the HA tag there 
is the risk of preventing the ability of SecB to act as a chaperone.  
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There was no significant recovery of SapM stability within the cell or secretion 
into the supernatant with a single copy of secB in M. smegmatis. This result could suggest 
that there was not enough SecB in the cell to make a noticeable change in SapM 
expression and localization. Alternatively, it could suggest that SecB cannot recover for 
loss of satS due to the inability of SecB to interact with either SapM or SecA2 in the way 
that SatS does natively. There are physical characteristics that differentiate SecB and 
SatS and could contribute to the inability to rescue. Even if the proteins are both export 
chaperones, the size difference between SatS and SecB could prohibit them from 
interacting in the same way (Figure 3). Additionally, SecA in E. coli has a different 
structure than SecA1 and SecA2 in mycobacteria. For example, SecA1 and SecA2 in 
mycobacterial species lack the C-terminal domain found in most orthologs of SecA 
(Swanson, 2015). This domain in most bacterial species is a zinc finger domain that binds 
specifically to SecB (Zhao, 2003) and without which SecA in E. coli is unable to bind 
SecB (Randall, 2004). The lack of this domain in mycobacteria could inhibit SecB 
interaction with SecA2 in M. smegmatis. The lack of recovery in SapM export is 
inconclusive to the elucidation of the function of SatS given the structural and physical 
differences between SatS and SecB. Therefore, our negative results do not eliminate the 
possibility of SatS being a chaperone as there are limitations to this approach. It is 
possible that SecB was interacting with SecA1 instead, like it does in E. coli, but further 
testing by immunoprecipitation would be required to imply interaction and would be 
more difficult given that SecA1 is necessary for cell survival and overlapping use of 






Figure 3: Proposed mechanism of SatS. SatS appears necessary for SapM stability. SatS 
is proposed to interact directly with SapM for export as a chaperone to keep substrates 
unfolded for export through SecYEG via SecA2. (Figure adapted from Brittany Miller.) 
 
Further directions include analysis of a physical protein-protein interaction 
between SatS and SapM in addition to SatS and SecA2 via coimmunoprecipitation. Since 
SapM expression in the whole cell lysate was decreased without SatS, a time course to 
measure the stability of SapM could be used to show that SatS plays a role in stabilizing 
intracellular SapM . Additionally, multi-copy SecB could be tested for its ability to 
recover SapM secretion or other phenotypes observed in ΔsatS mutants. These future 
experiments could help to show if SatS functions as a chaperone in mycobacteria. Further 
analysis of what specifies substrates to SecA2 and SatS would also elucidate the function 
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